Clinical laboratories frequently face the problem of delayed availability of commercially prepared approved reagents for performing susceptibility testing of new antimicrobials. Although this problem is encountered more often with antibacterial agents, it is also an issue with antifungal agents. A current example is voriconazole, a new triazole antifungal with an expanded spectrum and potency against Candida spp., Aspergillus spp., and other opportunistic fungal pathogens. The present study addresses the use of fluconazole as a surrogate marker to predict the susceptibility of Candida spp. to voriconazole. Reference broth microdilution MIC results for 13,338 strains of Candida spp. isolated from more than 200 medical centers worldwide were used. Voriconazole MICs and interpretive categories (susceptible, <1 g/ml; susceptible dose dependent, 2 g/ml; resistant, >4 g/ml) were compared with those of fluconazole by regression statistics and error rate bounding analyses. For all 13,338 isolates, the absolute categorical agreement was 91.6% (false susceptible or very major error [VME], 0.0%). Since voriconazole is 16-to 32-fold more potent than fluconazole, the performance of fluconazole as a surrogate marker for voriconazole susceptibility was improved by designating those isolates with fluconazole MICs of <32 g/ml as being susceptible to voriconazole, resulting in a categorical agreement of 97% with 0.1% VME. Clinical laboratories performing antifungal susceptibility testing of fluconazole against Candida spp. can reliably use these results as surrogate markers until commercial FDA-approved voriconazole susceptibility tests become available.
Voriconazole is a new triazole antifungal agent with broadspectrum activity against Candida spp., Cryptococcus neoformans, Aspergillus spp., and other opportunistic fungal pathogens (2, 9, 12, 21, 22, 25, 27) . The in vitro activity of voriconazole against Candida spp. has been documented by broth dilution, agar disk diffusion, and Etest methods (24, 25, 27, 28, 30) , and most recently clinically relevant interpretive breakpoints for MIC and disk diffusion testing of Candida spp. have been established by the Clinical and Laboratory Standards Institute (CLSI) (formerly NCCLS) (30) .
The U.S. Food and Drug Administration (FDA) has approved voriconazole for treatment of invasive candidiasis (including candidemia) in nonneutropenic patients (6, 12) . Voriconazole has also been FDA approved for treatment of esophageal candidiasis, invasive aspergillosis, and serious infections caused by Fusarium spp. and by Scedosporium apiospermum in patients who are intolerant or refractory to other antifungal agents (9, 19, 21, 22) . Similar indications for the use of voriconazole have been approved in Europe, including the use of this agent for the treatment of fluconazole-resistant serious invasive Candida infections (6, 12) .
Voriconazole has been shown to be efficacious in both primary (12) and salvage (19, 22) therapy of invasive candidiasis. However, several investigators have recently urged caution regarding its use in heavily azole-exposed patients due to the potential for cross-resistance, especially with fluconazole-resistant strains of Candida glabrata (1, 6, 8, 13, 20) .
Previously, we have shown that in vitro cross-resistance between fluconazole and voriconazole does exist among clinical isolates of Candida spp. (25, 27, 30) . The clinical relevance of this cross-resistance has been documented in case series from three different institutions (1, 13, 20) , where clinically significant microbial resistance to voriconazole has been reported among immunocompromised patients (e.g., intensive care and stem cell transplant patients) with a high level of azole (i.e., fluconazole before voriconazole) exposure. Although most of the resistant isolates in these series were C. glabrata, a number of C. albicans, C. tropicalis, and C. parapsilosis isolates were also found to have reduced susceptibility or resistance to both fluconazole and voriconazole (1, 13, 20) .
Thus, decreased susceptibility to fluconazole may precede, or even predict, decreased susceptibility to voriconazole, and diligent monitoring of candidal infections in highly compromised patients must be continued despite voriconazole coverage, particularly when voriconazole use is preceded by prolonged fluconazole exposure (1, 13, 20) . These concerns have led Magill et al. (13) to institute reflexive fluconazole susceptibility testing of patients' initial blood isolates as a means of identifying those that may not respond optimally to either fluconazole or voriconazole therapy.
Despite the fact that interpretive breakpoints for voriconazole and Candida have been established by CLSI (30) , the manufacture of commercially available antifungal susceptibility test systems that incorporate voriconazole is still under development, and none are FDA approved (3, 24) . Currently, the Sensititre YeastOne colorimetric antifungal plate (TREK Diagnostic Systems, Cleveland, OH) is FDA approved for testing Candida spp. against fluconazole, itraconazole, and flucytosine (3). Previously, we have shown that fluconazole may serve as a surrogate marker for evaluating the susceptibility of Candida spp. to ravuconazole, an investigative triazole (29) . This same approach should be applicable to voriconazole, allowing laboratories to use an FDAapproved commercial MIC panel containing fluconazole to predict the susceptibility of Candida isolates to voriconazole as a temporary measure until FDA approval for voriconazole testing has been granted.
In the present study we utilized a large database of susceptibility test results for fluconazole and voriconazole, all determined by CLSI broth microdilution (BMD) methods, to first provide a very robust analysis of cross-resistance between the two agents and additionally to examine the usefulness of fluconazole as a surrogate marker for evaluating voriconazole susceptibility and resistance among Candida spp. (23, (25) (26) (27) . Isolates were identified by using Vitek and API yeast identification systems (bioMerieux, Inc, Hazelwood, MO) supplemented by conventional methods as needed (7). The C. dubliniensis isolates were from mucosal infections and were identified by specific probe hybridization (10) . Isolates were stored as water suspensions until used. Prior to testing, each isolate was passaged at least twice on potato dextrose agar (Remel, Lenexa, KS) and CHROMagar (Hardy Laboratories, Santa Maria, CA) to ensure purity and viability. MIC interpretive criteria for fluconazole were those published by Rex et al. (32, 33) and recently confirmed by Pfaller et al. (31) . Breakpoints were as follows: susceptible (S), Յ8 g/ml; susceptible dose dependent (SDD), 16 to 32 g/ml; and resistant (R), Ն64 g/ml. The interpretive breakpoints for voriconazole were those proposed by the CLSI and published by Pfaller et al. (30) : S, Յ1 g/ml; SDD, 2 g/ml; and R, Ն4 g/ml.
MATERIALS AND METHODS

Organisms
Analysis of results. All MIC results (in g/ml) for fluconazole were directly compared with those for voriconazole by regression statistics and by scattergram (Fig. 1) . The error rate bounding method to minimize intermethod interpretive error was also applied using the interpretive breakpoints described above. Acceptable error limits used in this comparison were those cited by the CLSI (8) and by other authors (4, 11) .
The definitions of errors used in this analysis were as follows: a very major error (VME), or a false-susceptible error, was an S result for the surrogate marker fluconazole and an R result for voriconazole; a major error (ME), or a false-resistant error, was an R result for fluconazole and an S result for voriconazole; and minor errors occurred when the result for one of the agents was S or R and that for the other agent was SDD. In general, for an agent to be considered a reliable surrogate, the VME rate should be Յ1.5% of all results, and the absolute categorical agreement between methods should be Ն90% (4, 11, 14) . Table 1 depicts the MIC distribution profiles for fluconazole and voriconazole determined for 13,338 strains of Candida spp. by using CLSI (15)-validated BMD methods. Overall, 12,087 isolates (90.6%) were S, 855 (6.4%) were SDD, and 396 (3.0%) were categorized as R to fluconazole. Conversely, 13,115 (98.3%) were S, 110 (0.8%) were SDD, and 113 (0.9%) were R to voriconazole at MIC breakpoints of Յ1 g/ml, 2 g/ml, and Ն4 g/ml, respectively. The modal MIC for voriconazole was 0.007 g/ml, compared to 0.25 g/ml for fluconazole. De- creased potencies of both fluconazole and voriconazole were observed among C. glabrata (modal MICs of 8 g/ml and 0.12 to 0.25 g/ml, respectively) and C. krusei (modal MICs of 32 g/ml and 0.25 g/ml, respectively), although Ͼ99% of C. krusei isolates were susceptible to voriconazole at the Յ1-g/ml breakpoint.
RESULTS AND DISCUSSION
The extent of cross-resistance between fluconazole and voriconazole may be seen more clearly in Table 2 and Fig. 1 .
Although the MICs for voriconazole were at least 16-to 32-fold lower than the corresponding fluconazole MICs for each isolate tested, there was a strong positive correlation (r ϭ 0.93) between voriconazole and fluconazole MICs (Fig. 1) . All of the fluconazole-susceptible isolates were susceptible to voriconazole, as were 97.8% of the fluconazole-SDD isolates (Table  2) . Among 396 fluconazole-resistant isolates, 192 (48%) were susceptible, 94 (24%) were SDD, and 110 (28%) were resistant to voriconazole.
The CLSI does not recommend that laboratories test C. krusei against fluconazole, given its poor clinical response to this agent and the fact that the "intrinsic" resistance manifested by this species may be underrepresented by the in vitro results (5, 15, 26, 29, 31, 32) . In contrast, voriconazole appears quite active against C. krusei (310 of 312 isolates [99%] were susceptible at an MIC of Յ1 g/ml [ Table 2 ]), and the clinical activity looks promising as well (5, 12, 19, 22) . When the C. krusei results are eliminated from the total, we again find that 100% of fluconazole-susceptible isolates and 97% of fluconazole-SDD isolates are susceptible to voriconazole but that only 25% of fluconazole-resistant isolates are susceptible to voriconazole (Table 2) . Alternatively, if one considers all isolates identified as C. krusei to be resistant to fluconazole, then 378 of 582 fluconazole-resistant isolates (65%) would be susceptible to voriconazole (data not shown).
When the fluconazole test result category (S, SDD, or R) was used to predict the voriconazole category, the absolute categorical agreement between the test results was 91.6%, with no VME (false-susceptible error), 1.4% ME (false-resistant error), and a 7.0% minor error rate (Table 3) . Given the fact that the fluconazole results clearly do not predict the susceptibility of C. krusei to voriconazole (Tables 1 and 2) , we have also factored the C. krusei results out of the analysis, with a resulting improvement in categorical agreement (93.6%) and a decrease in both ME (0.5%) and minor errors (5.9%) ( Table 3) .
The absolute categorical agreements for 12 individual species of Candida are shown in Table 3 . A categorical agreement 
All Candida (13, As seen with C. krusei, the fluconazole results also underestimated the activity of voriconazole against C. glabrata and C. famata (Tables 2 and 3 ). All fluconazole-susceptible isolates of these two species were also susceptible to voriconazole (Table  2) . Likewise, 98% of C. glabrata isolates and all five C. famata isolates that were SDD to fluconazole were susceptible to voriconazole. In contrast, only 16.5% of fluconazole-resistant isolates of C. glabrata were susceptible to voriconazole, and 40% were resistant. Importantly, 72 of 73 voriconazole-resistant isolates (98.6%) were also resistant to fluconazole.
Clearly, it is most important to detect those isolates of C. glabrata that may be resistant to voriconazole, and in that regard fluconazole performs quite well as a surrogate marker; there were no false-susceptible results (VME) and only 1.5% false-resistant results (ME). Given that 98% of C. glabrata isolates that were SDD to fluconazole were susceptible to voriconazole, one may improve the ability of the fluconazole MIC test to predict susceptibility of C. glabrata to voriconazole by combining the fluconazole S and SDD categories and using fluconazole MICs of Յ32 g/ml to identify voriconazole-susceptible isolates and MICs of Ն64 g/ml to identify voriconazole resistance. Using this criterion, the categorical agreement for C. glabrata improves to 93.9%, with 0.1% VME, 1.5% ME, and 4.5% minor errors (Table 3) . Similarly, the categorical agreement for C. famata improves from 73.7% to 100%. Applying this modified criterion to the entire collection of isolates (minus C. krusei) results in an overall categorical agreement of 97.7%, with 0.1% VME and 1.4% ME (Table 3) .
Previously, we conducted a similar analysis using fluconazole results to predict the susceptibility of Candida spp. to ravuconazole as a proof of concept regarding the use of surrogate markers or class representatives in antifungal susceptibility testing (29) . This strategy has been used for decades in antibacterial susceptibility testing to develop practical alternatives for the microbiology laboratory when specific diagnostic susceptibility testing reagents are limited or unavailable (11, 14, (16) (17) (18) . Given the lack of FDA-approved testing systems for voriconazole, the approach described in the present study provides a useful strategy for laboratories in the effort to optimize antifungal therapy of candidal infections.
In addition to providing a strategy to predict voriconazole susceptibility and resistance among Candida spp., these results provide strong support for the concerns of several investigators regarding the issue of cross-resistance between fluconazole and voriconazole (1, 8, 13, 20) . By using an extensive global collection of clinically important isolates encompassing more than 12 species, we validate concerns originating from single-center experiences and rightly focus attention on C. glabrata as the species most likely to demonstrate cross-resistance among the azoles.
Fluconazole functioned well as a surrogate marker for voriconazole susceptibility when applied to this collection of clinically significant isolates of Candida spp. The absolute categorical agreement of 91.6% (93.6% without C. krusei), with no VME among more than 13,000 isolates tested, easily meets the recognized criteria for a reliable surrogate marker as applied to antibacterial susceptibility testing (4, 11, 14, (16) (17) (18) . Given the greater potency of voriconazole over fluconazole, the use of fluconazole as a surrogate marker for voriconazole susceptibility was clearly improved by designating those isolates with fluconazole MICs of Յ32 g/ml (S and SDD categories combined) as being susceptible to voriconazole, with the resistant category staying the same at Ն64 g/ml. The resulting 97.7% categorical agreement and 0.1% VME rate is excellent for a surrogate marker test.
In conclusion, we have demonstrated the existence of crossresistance between fluconazole and voriconazole, with the greatest emphasis on C. glabrata. Furthermore, we have shown that the availability of voriconazole susceptibility testing results for Candida spp., in any medical center currently performing antifungal susceptibility testing of fluconazole, can be accomplished by using the fluconazole result as a surrogate marker for voriconazole susceptibility and resistance. Specifically, fluconazole MICs of Յ32 g/ml predict susceptibility and MICs of Ն64 g/ml predict resistance to voriconazole. The occurrence of false-susceptible and false-resistant errors with this expanded application of the "class representative" concept to selected triazoles was very low and was acceptable for surrogate marker testing. By using a predictor agent with a generally narrower spectrum of activity or reduced potency, such as fluconazole, a conservative and safe categorical estimation of activity can be made until specific voriconazole-containing FDA-approved products are available. As commercial voriconazole susceptibility products become available, they should rapidly replace the interim use of this surrogate marker for clinical testing.
